Anti-adaptors provide multiple modes 
for regulation of the RssB adaptor protein 
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RpoS, an RNA polymerase a factor, controls the response of Escherichia coli and related bacteria to multiple stress 
responses. During nonstress conditions, RpoS is rapidly degraded by ClpXP, mediated by the adaptor protein RssB, 
a member of the response regulator family. In response to stress, RpoS degradation ceases. Small anti-adaptor 
proteins — IraP, IraM, and IraD, each made under a different stress condition — block RpoS degradation. RssB 
mutants resistant to either IraP or IraM were isolated and analyzed in vivo and in vitro. Each of the anti-adaptors is 
unique in its interaction with RssB and sensitivity to RssB mutants. One class of mutants defined an RssB 
N-terminal region close to the phosphorylation site and critical for interaction with IraP but unnecessary for IraM 
and IraD function. A second class, in the RssB C-terminal PP2C-like domain, led to activation of RssB function. 
These mutants allowed the response regulator to act in the absence of phosphorylation but did not abolish 
interaction with anti-adaptors. This class of mutants is broadly resistant to the anti-adaptors and bears similarity 
to constitutively activated mutants found in a very different PP2C protein. The mutants provide insight into how 
the anti-adaptors perturb RssB response regulator function and activation. 
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Depending on the environmental conditions and the 
availability of nutrients, bacteria modulate the balance 
between growth and survival. In Escherichia coli, this 
process includes the use of specialized a factors that 
provide promoter specificity to RNA polymerase. In 
favorable growth conditions, RpoD is the most abun- 
dant a factor. RpoS is an alternative cr factor produced 
in response to a variety of stress conditions and in 
stationary phase (for review, see Battesti et al. 201 1). This 
protein is highly regulated at all levels, including the level 
of protein stability. RpoS is degraded by the ATP- 
dependent protease ClpXP. However, for it to be recog- 
nized as a substrate, RpoS must first interact with the 
adaptor protein RssB. RssB is an orphan atypical response 
regulator. Its N-terminal domain is characteristic of the 
large family of response regulator proteins and, like other 
response regulators, can be phosphorylated on a conserved 
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aspartic acid residue (D58 in RssB). It is unclear what 
kinases or small molecules are necessary for RssB phos- 
phorylation,- in vitro, acetyl phosphate (AcP) can phos- 
phorylate RssB and activate it. Mutants unable to be 
phosphorylated retain a significant amount of activity 
(Peterson et al. 2004; for review, see Hengge 2009). In 
contrast to most other response regulators, the C-terminal 
domain of RssB does not contain a DNA-binding domain. 
Instead, the C terminus has similarities to PP2C Ser/Thr 
phosphatases but lacks a phosphatase active site (Galperin 
2006, 2010). 

RpoS degradation occurs during favorable growth con- 
ditions, when RpoS is not needed. The inhibition of RpoS 
degradation during stress conditions allows RpoS levels 
to rise, activating RpoS -dependent genes. In response to 
specific stress treatments, RpoS is stabilized by the 
inhibition of RssB activity by small proteins called anti- 
adaptors. Three anti-adaptor proteins have been described 
and named IraP, IraM, and IraD (Bougdour et al. 2006, 
2008). These three proteins are induced under different 
stress conditions: phosphate starvation for IraP (Bougdour 
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et al. 2006), magnesium starvation for IraM (Bougdour 
et al. 2008), and DNA damage or transition from expo- 
nential to stationary phase for IraD (Bougdour et al. 2008; 
Merrikh et al. 2009a,b). Despite a common function and 
common small size, IraP, IraM, and IraD are not members 
of the same protein family and do not share sequence 
similarity. 

Here we used a genetic approach to study the interac- 
tion of the anti-adaptor proteins with RssB, isolating 
mutations in RssB resistant to anti-adaptor action. We 
found that each of the anti-adaptors is unique in its 
interaction with RssB and its sensitivity to mutants in 
RssB. Mutations in the C-terminal PP2C domain activate 
RssB and are similar to those observed to activate a very 
different bacterial PP2C protein. The interactions of anti- 
adaptors and RssB highlight ways in which other mem- 
bers of the large family of response regulators may be 
modulated by small proteins. 

Results 

Anti-adaptor proteins interact with different regions 
of RssB 

Previous in vitro work demonstrated that anti-adaptor 
proteins inhibit degradation of RpoS by ClpXP and phys- 
ically interact with RssB (Bougdour et al. 2006, 2008). 
This suggested that the anti-adaptors may inhibit deg- 
radation by occluding sites on RssB required for the 
normal adaptor function of RssB. To test this possibility, 
we wanted to identify the regions of RssB that interact 
with each of the three anti-adaptor proteins, IraP, IraD, 
and IraM. We used a bacterial two-hybrid assay in which 
the two domains of the Bordetella pertussis Cya (cyclase) 
protein, T18 and T25, are fused to the proteins to be tested. 
A positive interaction leads to synthesis of cyclic AMP, 
assay able in an E. coli cya host by measuring expression 
of p-galactosidase (Karimova et al. 1998; Battesti and 
Bouveret 2012). 

We cloned the intact or truncated portions of the rssB 
coding region as well as each of the anti-adaptor genes in 
frame with the N-terminal T18 or T25 fragments of cya 
in compatible plasmids (Gully and Bouveret 2006). End- 
points for the truncated RssB derivatives were chosen 
based on the known boundaries of the response regulator 
domain (Volz 1995) and a structure for an RssB-related 
protein from Pseudomonas aeruginosa (Protein Data 
Bank [PDB]: 3EQ2) (Fig. 1A). The resulting recombinant 
IraP, IraM, IraD, and full-length RssB fusion proteins were 
functional (Supplemental Fig. SI). Fusion proteins with 
deletions of either the N-terminal or C-terminal domain 
of RssB were expressed at similar levels (Supplemental 
Fig. SIC) and, as expected, were inactive for degradation 
of RpoS (Klauck et al. 2001; our unpublished results). 

In control experiments, we detected an interaction 
between wild-type RssB and each of the three anti- 
adaptor proteins,- there was no interaction of the anti- 
adaptors with the T18 fragment alone (vector control) 
(Fig. IB, RssB WT bars [full-length RssB] set to 100% 
compared with vector [no RssB]). IraP and IraD both 



showed interactions with the truncated proteins contain- 
ing the RssB N-terminal response regulator domain but 
not with those containing the C-terminal domain (Fig. 

IB, left and middle panels). IraM, however, interacted 
with the fusion proteins containing the RssB C-terminal 
domain (C 124-337 and C 160-337) (Fig- IB) as well as the 
fusion containing the N-terminal domain and the linker 
(Ni_i6o) but not the fusion containing the N-terminal 
domain alone (Ni_i 2 4) (Fig. IB, right panel). 

When the RssB fusion proteins were expressed from the 
lower copy number T25 vector, the pattern of interac- 
tions was the same. However, RssB N-terminal domain 
interactions with IraM were significantly improved if the 
host strain was deleted for rpoS (Supplemental Table SI). 
This suggests that the bacterial two-hybrid system is 
sensitive to expression of host proteins — in this case, 
RpoS — and that interactions of the anti-adaptors with 
RssB domains are not as strong as for the full-length RssB 
and thus can be competed by RpoS. Note that in the strains 
expressing functional anti-adaptor fusion proteins, RpoS 
is stabilized and therefore accumulates (Supplemental 
Fig. SIB). 

We also monitored interactions between the anti- 
adaptor proteins and either RssB full-length protein or 
truncated RssB derivatives (Fig. 1A) in pull-down assays 
with calmodulin-coated beads. The CBP (calmodulin- 
binding peptide) tag was fused to the N terminus of 
wild-type RssB and to each of the RssB fragments (Fig. 
1A). The resulting full-length CBP-RssB fusion protein 
was functional (Supplemental Fig. SI A). Lysates of cells 
expressing each of the CBP fusions and one of the three 
anti-adaptors were used in the pull-down assays,- the 
presence of anti-adaptors associated with the CBP fusion 
proteins was determined by Western blot analysis. 

The three anti-adaptors associated with full-length 
RssB (Fig. 1C, RssB WT lanes), while no interaction was 
observed between the anti-adaptors and CBP alone (Fig. 

IC, vector lanes). Consistent with the results obtained in 
the two-hybrid experiments, IraP and IraD associated 
with RssB Ni_i24 and Ni_i 60 fusions containing the 
response regulator domain of RssB but not with fusions 
to the C-terminal domain. IraM associated with the 
C-terminal domain (Fig. 1C), suggesting that the interac- 
tion with the C-terminal domain is stronger than that with 
the N-terminal domain (Ni_i 60 ) detected by the bacterial 
two-hybrid assay. These results are most consistent with 
the data from the rpoS + bacterial two-hybrid assay. The 
experiments demonstrate that the anti-adaptor proteins 
interact with RssB in at least two different ways, with IraP 
and IraD both interacting with the well-conserved re- 
sponse regulator domain, and IraM interacting with the 
C-terminal domain and, more weakly, the N-terminal 
domain. 

We suggest that anti-adaptors interfere with RssB- 
RpoS interaction directly or indirectly. In the absence of 
ClpXP activity, RssB acts as an anti-cr, inhibiting RpoS- 
dependent transcription (Zhou and Gottesman 1998; 
Becker et al. 2000). Blocking the interaction of RpoS with 
RssB would free RpoS to carry out transcription, thus 
allowing the RpoS-dependent response to the stress that 
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Figure 1. Interaction between RssB and anti-adaptor proteins. (A) Schematic representation of the truncated RssB proteins. [B) 
Interaction of RssB domains with anti-adaptors by bacterial two-hybrid assay. The indicated RssB domains fused to the T18 subunit 
were assayed for interaction with the anti-adaptor proteins IraP, IraD, and IraM fused to the T25 domain in BTH101. Interaction was 
assayed by (3-galactosidase assay (see the Materials and Methods). The interaction between RssB wild-type (WT) and anti-adaptor 
proteins was set at 100% for each series. Mean values obtained for each interaction with the full-length (FL) RssB (Miller units): T25- 
IraP/T18-RssB, 1637; T25-IraD/T18-RssB, 1564; and T25-IraM/T18-RssB, 2835. The pattern of interaction was similar for assays done 
with the T18-anti-adaptors and T25-RssB constructs (Supplemental Table SI). (C) Interaction of the truncated RssB proteins with the 
anti-adaptors by pull-down assay. Pull-down experiments on calmodulin beads were performed on extracts from MG1655 
cotransformed with plasmids containing CBP-tagged RssB domains and pQE plasmids containing the anti-adaptor proteins with His 
tags (Bougdour et al. 2006, 2008). CBP and pQE plasmids are listed in Supplemental Table S7. Cells were grown, and samples were taken 
and processed as described in the Materials and Methods and Supplemental Material. For IraP, sample loading volume was four times 
higher for the domain samples than for the RssB full-length (wild type [WT]) samples. [D] Competition between RpoS and the anti- 
adaptors for RssB binding. Experiments were similar to C, with the same sets of plasmids as for C transformed into a MG1655 clpX:: 
kan strain (BA183). Cells were grown at 37°C in LB (Lennox broth) to OD 60 o = 0.7, and 0.05% arabinose was added for 1 h to induce 
production of the CBP-tagged proteins. Each culture was then divided in two; one-half was pelleted, and the other half was induced with 
0.5 mM IPTG for 20 min to induce the production of the anti-adaptor proteins. Pull-down samples were analyzed by Western blot using 
anti-CBP, anti-RpoS, anti-His, and anti-IraM antisera. 



leads to anti-adaptor induction. We tested this model in 
vivo by overproducing specific anti-adaptors and assaying 
their effect on the interaction of RssB with RpoS (Fig. ID). 
MG1655 clpXr.kan was cotransformed with the plasmid 
expressing the CBP-RssB full-length protein and a plasmid 
producing one of the anti-adaptor proteins under IPTG 
control. As expected, the clpX deletion stabilized RpoS so 
that RpoS levels were the same in all extracts (Supple- 
mental Fig. SID). CBP-RssB was isolated from cell ly sates 
by calmodulin affinity purification both before and after 
induction of the anti-adaptors and assayed for associated 
RpoS and anti-adaptors by Western blot (Fig. ID). In the 
absence of anti-adaptors, similar amounts of RpoS asso- 
ciated with full-length RssB before and after IPTG addi- 
tion (Fig. ID, cf. lanes 3 and 4). IPTG induction of each 
of the anti-adaptors was sufficient to decrease the amount 
of RpoS associated with CBP-RssB (Fig. ID, IraP [cf. 
lanes 5 and 6, IraD [cf. lanes 7 and 8], and IraM [cf. lanes 
9 and 10]). These results support our model that the 



anti-adaptor proteins interfere with the ability of RpoS 
to bind RssB. 

Genetic screen for RssB mutants insensitive to IraP 
and IraM 

In order to better understand how the anti-adaptor pro- 
teins interact with RssB, we performed genetic screens to 
look for RssB mutants resistant to IraP or IraM anti- 
adaptors. We used a strain containing a translational lacZ 
fusion to rpoS, expressed from an arabinose-inducible 
promoter. We previously showed that degradation of this 
RpoS-LacZ fusion protein is RssB- and ClpXP-depen- 
dent; this assay was originally used to identify the anti- 
adaptors (Bougdour et al. 2006, 2008). Anti-adaptor 
expression was increased by replacing the native chro- 
mosomal iraP or iraM promoter with more active pro- 
moters (see the details in the legends for Supplemental 
Tables S2, S3). 



2724 GENES & DEVELOPMENT 



Anti-adaptor inhibition of RssB 



Strains expressing high levels of IraP, referred to as 
iraPjjp, were transformed with one of two libraries of 
plasmids. In one plasmid library, the 5' end of rssB 
(encoding amino acids 1-169) was randomly mutagen- 
ized; in the second library, the 3' end (encoding amino 
acids 170-337) was randomly mutagenized. Transform- 
ants were grown on lactose MacConkey agar plates con- 
taining ampicillin and arabinose to express the pBAD- 
rpoS-lacZ fusion. On these plates, colonies containing the 
vector were red (RpoS-LacZ not degraded), while those 
expressing wild- type RssB + were dark pink (limited degra- 
dation of RpoS-LacZ) (see RssB [WT] sectors on plates in 
Fig. 2 A; Supplemental Fig. S2A). Colonies that are lighter 
pink than the wild-type RssB + control would be expected 
to contain plasmids expressing RssB mutant proteins able 
to degrade RpoS even in the presence of high levels of IraR 



Several plasmids encoding RssB derivatives resistant to 
IraP were identified, sequenced, and confirmed by reintro- 
ducing the plasmid into JMM03, an rssB ::tet strain carry- 
ing the iraPupi allele and the rpoS-lacZ fusion. Many, but 
not all, plasmids contained more than one mutation 
(Supplemental Table S2). Most mutations were not ob- 
tained multiple times,- therefore, the screen for mutants 
may not be saturated. Mutants resistant to IraP were 
found, as expected, in the N-terminal domain but also in 
the C-terminal domain of RssB, which did not appear to 
bind IraP (Fig. 1). These mutants may bypass IraP in- 
hibition or affect binding indirectly. 

The multiple and single mutations were reconstructed 
in the rssB plasmid and compared with the original 
mutant plasmids (Supplemental Fig. S2B,C). Almost all 
plasmids expressed RssB that was functional for degrada- 
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Figure 2. IraP- and IraM-resistant RssB mu- 
tants obtained by genetic screen. (A) IraP 
resistance of selected RssB mutants on lactose 
MacConkey plates. pHDB3 (vector control), 
pHDB3-RssB wild type (WT), and the recon- 
structed pHDB3-RssB mutants were trans- 
formed into JMM03 (pBAD-rpos-lacZ rssB:: 
tet iiaPupi), plated on lactose MacConkey 
plates containing 0.00002% arabinose and 
100 |xg/mL ampicillin, and incubated for 
20 h at 30° C The pheno types of the original 
mutants are shown in Supplemental Figure 
S2A. (B) IraM resistance of selected RssB 
mutants on lactose MacConkey plates. 
pHDB3 (vector control), pHDB3-RssB wild 
type, and pHDB3-RssB reconstructed mu- 
tants were transformed into BA290 [pBAD- 
rpos-lacZ rssB r.tet zeo-cpl8-iiaM (iraM UP1 )], 
plated on lactose MacConkey plates contain- 
ing 50 |JLg/mL ampicillin, and incubated at 
37°C The phenotypes of the original mu- 
tants are shown in Supplemental Figure S3A. 
(C) RpoS stability assay in an iraP UP strain. 
Reconstructed plasmids producing wild- 
type or mutated RssB were transformed 
into ST1011 [imml 1 -rpoS-lac zeo-cpl8-IraP 
[iraPuv 2 ) rssB::tet Mac]. Cells were grown 
at 37°C, chloramphenicol was added, and 
samples were removed and analyzed for RpoS 
as described in the Materials and Methods. 
The level of RpoS measured at time = 0 for 
each mutant was set to 100%. (D) RpoS 
stability assay in an iraMup strain. Recon- 
structed plasmids producing wild-type or mutated RssB were transformed into BA290. Cells were grown, and samples were treated as 
for C. (£) Schematic representation of RssB. The RssB N-terminal domain (amino acids 1-124) and C-terminal domain (amino acids 
160-337) are connected by a linker region. Mutations selected during the screen for IraP- and IraM-resistant RssB mutants are 
indicated by an X. The number below each X corresponds to the mutated amino acid based on the E. coli sequence; color-coding of 
the X corresponds to that used in the graphs in C and D, as well as in the RssB model [F). [F] Localization of mutations on the 
structure of RssB from P. aeruginosa. The model of the RssBp aeruginosa dimer was created from the RssB structure of P. aeruginosa 
RssB (PDB: 3EQ2) (I Levchenko, RA Grant, RT Sauer, and TA Baker, unpubl.) using PYMOL (http://www.pymol.org). One protomer is 
colored in green; residues mutated during the screen are represented as Corey-Pauling-Koltun (CPK) models. Sequence alignment of 
RssB £ co ii and RssB P aeruginosa was performed using the ClustalW2 program from the EMBL-EBI Web site (http://www.ebi.ac.uk/ 
Tools/msa/clustalw2) with default settings. (G) Crystal structure of the RssB N-terminal domain from E. coli. The RssB £ co n 
N-terminal domain (PDB: 3EOD) was visualized using PYMOL (http://www.pymol.org). Residues on the surface close to the 
phosphorylation site that were mutated and tested for interaction with IraP are color-coded. Mutations in residues 60, 87, and 88 had 
no effect on the interaction with IraP; these are colored gray (data not shown). 
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tion of RpoS in strains containing the normal levels of 
the anti-adaptors. Mutants were also tested in strains 
expressing increased levels of IraP (Fig. 2 A), IraD (Supple- 
mental Fig. S2D), or IraM (Supplemental Fig. S2E); the 
results of these plate tests on all original and recon- 
structed mutants are summarized in Supplemental Table 
S4. The majority of reconstructed mutants had properties 
similar to the original mutants,- single mutants with anti- 
adaptor-resistant properties were characterized further. 

A similar screen was carried out for resistance to high 
levels of IraM using the library of plasmids randomly 
mutagenized within the 3' end (encoding amino acids 
170-337 of RssB). We isolated five different mutants 
resistant to IraM (Supplemental Fig. S3A ; Supplemental 
Table S3). These mutants and mutants reconstructed in 
the rssB plasmid were tested for activity (Supplemental 
Fig. S3B,C) and anti-adaptor resistance (Fig. 2B, IraM; 
Supplemental Fig. S3D, IraP; Supplemental Fig. S3E, 
IraD); the results are summarized in Supplemental Table 
S4. Interestingly, some IraM-resistant mutations were 
found close to the sites mutated in the IraP-resistant 
isolates (Supplemental Tables S2, S4). 

Several mutant RssB proteins show resistance 
to multiple anti-adaptors 

Four mutants isolated as IraP-resistant (P109S, W143R, 
L214H, and A216T) and two mutants isolated as IraM- 
resistant (L218V and A255V) were chosen as the focus of 
the work reported here (Fig. 2E). Although RssB from 
E. coli has not been crystallized, a P. aeruginosa protein 
with sequence (24% identity) but not functional homol- 
ogy with E. coli RssB has been crystallized by Baker and 
coworkers (I Levchenko, RA Grant, RT Sauer, and TA 
Baker, unpubl.) (PDB: 3EQ2). In addition, they reported 
the structure of the N-terminal response regulator do- 
main of E. coli RssB (PDB: 3EOD) (Fig. 2G). We used the 
P. aeruginosa structure to show the location of the six 
mutants used in this study (Fig. 2F). One, P109S, is in the 
response regulator domain,- another, W143R, lies in the 
linker. The other four are located in the C-terminal 
domain and are predicted to be close to each other in 
the structure. Also shown in Figure 2, F and G, is D58, the 
conserved aspartate that is the site of phosphorylation,- 
an RssB D58P mutant was included in some of the 
experiments discussed below. 

The anti-adaptor resistance phenotype of these mu- 
tants was first confirmed by direct measurement of RpoS 
degradation in vivo in strains containing synthetic pro- 
moters expressing increased IraP (Fig. 2C) or increased 
IraM (Fig. 2D). In the iraP UP strain, a plasmid expressing 
wild- type RssB degraded RpoS slowly (half-life > 10 min). 
The four mutants isolated as resistant to IraP as well as 
one isolated as resistant to IraM (L218V) degraded RpoS 
more rapidly than the control strain expressing wild-type 
RssB (Fig. 2C). These results are consistent with the 
results seen on plates, thus validating the plate assays. 

Two RssB mutants, A255Vand L218V, isolated as IraM- 
resistant, showed the most rapid degradation of RpoS in 
the strain overexpressing IraM (iraM UP ) (Fig. 2D). The 



other mutants, isolated as IraP-resistant, remained IraM 
sensitive in both this assay and other assays discussed 
below, again consistent with the plate assays. We note 
that in this assay, RssB P109S and RssB W143R, isolated 
as IraP-resistant, are even more sensitive to stabilization 
by IraM than is the wild- type protein (Fig. 2D). 

In vivo anti-adaptor phenotypes of RssB mutants 
are recapitulated in vitro 

The six RssB mutants were purified and tested for their 
ability to degrade RpoS in vitro in conjunction with 
ClpXP with and without anti-adaptors. As seen in vivo 
(Supplemental Figs. S2C, S3C), all of the RssB mutants 
were active for RpoS degradation in vitro in the presence 
of AcP, with some having slightly less activity or some- 
what more activity than the wild-type (Fig. 3A ; Supple- 
mental Table S5). We monitored inhibition of degradation 
by the anti-adaptors using a concentration that inhibited 
the activity of wild-type RssB by at least 90% (Fig. 3C-E). 
In this assay, significantly less IraD was needed to inhibit 
wild-type RssB than IraP and IraM (0.18 |jlM vs. 1 |jlM). 
The basis for the reduced requirement for IraD in vitro 
was not further investigated here. 

P109S, the only RssB mutation in the response regula- 
tor domain (Fig. 2E), was selected as resistant to IraP. 
Consistent with the in vivo results (Fig. 2C,D; Supple- 
mental Fig. S2D,E), in vitro, it was partially resistant to 
IraP (Fig. 3C) and sensitive to IraM and IraD (Fig. 3D,E). 
W143R, in the linker, was resistant to both IraP and IraD 
(Fig. 3C,E) but sensitive to IraM (Fig. 3D), again consistent 
with in vivo results (Fig. 2C,D ; Supplemental Fig. S2D,E). 
This distinction between P109S and W143R in sensitivity 
to IraD suggests that while both IraP and IraD interact 
with the N-terminal domain of RssB, they must act 
somewhat differently from each other. As seen in the in 
vivo tests (Fig. 2D), both P109S and W143R were more 
sensitive to IraM than was wild- type RssB. 

The other four mutant RssB proteins— L214H, A216T, 
L218V and A255V — showed at least partial resistance to 
all of the anti-adaptors in vitro (Fig. 3C-E), although in 
vivo qualitative results differed in a few instances (for 
a summary, see Supplemental Table S5). Thus, C-termi- 
nal domain mutations, whether selected for IraP resis- 
tance (L214H or A216T) or IraM resistance (L218V and 
A255V), change RssB sensitivity to all three anti-adaptors. 
This shared resistance or partial resistance to anti-adaptors 
that interact with different domains of RssB (Fig. 1) 
suggests that these mutants likely act indirectly to medi- 
ate anti-adaptor resistance. 

Mutations in the C-terminal domain of RssB cause 
changes that mimic those induced by phosphorylation 
in the N-terminal domain 

RssB, like other response regulators, is phosphorylated on 
a conserved aspartate (D58), and its activity is greatly 
stimulated in vitro by AcP, a small molecule phosphate 
donor (Bouche et al. 1998; Zhou et al. 2001). As men- 
tioned above, all of the mutants selected as anti-adaptor- 
resistant were active in the presence of AcP (Fig. 3A ; 
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Figure 3. In vitro behavior of the RssB 
mutants: degradation and sensitivity to 
anti-adaptors. [A,B] Degradation of [ 3 H]RpoS 
by ClpXP with RssB wild type or mutant 
was measured as described in the Materials 
and Methods in the presence [A] or absence 
(5) of 25 mM AcR Data are means ± SEM 
[n > 3). D58P was used at 0.8 |jlM (twofold 
above the other RssB proteins) to increase 
RpoS degradation to more reproducible 
levels. [C-E] Sensitivity of the mutant RssB 
to anti-adaptors was measured as in A in the 
presence of 25 mM AcR For each RssB 
protein, degradation in the absence of anti- 
adaptors was set to 1. Thus, a value of 1 
indicates full resistance to the tested anti- 
adaptor; 0.05 indicates 95% inhibition and 
therefore sensitivity to the anti-adaptor. Note 
that the level of RpoS degradation without 
an ti- adaptors differs between mutants (shown 
in A } Supplemental Table S5). The levels of 
the anti-adaptors used in vitro were chosen to 
give at least 90% inhibition of the wild- type 
protein: 1 jjJVl for IraP (C), 1 jxM for IraM (D), 
and 0.18 |jlM for IraD (£). Data are means ± 
SEM [n > 3). 



summarized in Supplemental Table S5). Surprisingly, 
three of the mutants— A216T, L218V, and A255V— were 
partially active in the absence of AcP, although AcP 
stimulated their activity further (Fig. 3A,B). As expected, 
the unphosphorylatable D58P mutant exhibited low 
activity with or without AcP (Fig. 3A,B, note that the 
level of RssB D58P used was twice that of the other 
proteins). These results suggest that these mutations in 
the C-terminal domain at least partially mimic the effect 
of AcP in activation of RssB. 

The ability of the RssB mutants to be phosphorylated 
by AcP was directly tested. Purified wild-type and mutant 
RssB proteins were incubated with AcP and assayed by 
phosphate affinity SDS-PAGE (Phos-tag) (Fig. 4A). In the 
absence of AcP, one band was detected for wild-type RssB, 
whereas in the presence of AcP, two distinct bands were 
visible, indicative of the phosphorylated and unphos- 
phorylated forms of wild- type RssB (Fig. 4A). For the 
N-terminal D58P mutant, only a single band was seen in 
the presence or absence of AcP, as expected; the RssB 
mutant at L67A, close to the site of phosphorylation (Fig. 
2G), also did not show evidence of phosphorylation (Fig. 
4A). However, P109S was phosphorylated, although at 
a lower level than seen for wild- type RssB (Fig. 4A). This 
is consistent with stimulation of P109S activity by AcP 
(Fig. 3 A, 3B). All of the other mutants were phosphory- 
lated at least as well as the wild- type protein (Fig. 4A). 
Therefore, mutations like L218V, while relatively inde- 
pendent of AcP for activity (Fig. 3B), are still phosphory- 
lated by AcP (Fig. 4A). 

Altogether, the results support the idea that regulation 
of RpoS degradation by anti-adaptors is not via regulation 
of phosphorylation or dephosphorylation of RssB and is 
likely independent of phosphorylation. This is confirmed 



by two further sets of experiments. While RpoS degrada- 
tion was significantly less in the absence of AcP, it was 
still sensitive to the anti-adaptors (Supplemental Fig. S4). 
In addition, the RssB mutant in the site of phosphorylation 
(D58P) was still sensitive to all three anti-adaptors in vitro 
(Supplemental Fig. S5A), consistent with in vivo experi- 
ments (Supplemental Fig. S5B ; Bougdour et al. 2006, 2008). 

We next tested for the ability of the RssB mutants to 
form stable complexes with RpoS using an indirect assay. 
In a previous study, we observed that RssB was protected 
from inactivation by the alkylating agent N-ethylmaleimide 
(NEM) in the presence of RpoS and AcP (Zhou et al. 
2001). Purified RssB proteins were incubated with RpoS 
and AcP for 5 min ; this mixture was then treated with 
NEM. After 10 min, NEM was inactivated, and RssB ac- 
tivity was determined by measuring RpoS degradation by 
ClpXP (Fig. 4B). 

Wild-type RssB was well protected (55% of full activity) 
(Fig. 4B, cf. lanes 4 and 5); protection depended com- 
pletely on both AcP and RpoS (Fig. 4B, cf. lanes 2,3 and 
lane 4), as previously seen (Zhou et al. 2001). RssB D58P 
and L67A were sensitive to NEM, consistent with AcP 
not being able to phosphorylate these proteins. Together, 
these results suggest that phosphorylation is necessary 
for protection. While there are multiple cysteines in RssB, 
one likely target for NEM inactivation is Cys57, a con- 
served residue adjacent to the site of phosphorylation. 

The results for the full set of RssB mutants are in Figure 
4B. The N-terminal domain mutant P109S was the only 
mutant that was NEM-sensitive but able to be phosphor- 
ylated (Fig. 4A,B). Because it can be phosphorylated by 
AcP, although to a much lower extent than the wild-type 
protein (Fig. 4A) and requires AcP for RpoS degradation 
(Fig. 3A,B), the NEM sensitivity of P109S suggests that 
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Figure 4. Phosphorylation, NEM resis- 
tance, and RpoS interaction of RssB mu- 
tants. (A) Phosphorylation of RssB wild 
type (WT) and mutants in vitro: Phos-tag 
assay. RssB wild-type or mutant proteins 
(2.5 (jlM) were incubated in the presence or 
absence of 20 mM AcP for 30 min at room 
temperature. Samples were then analyzed 
by Phos-tag SDS-PAGE and stained with 
Coomassie, as described in the Materials and 
Methods. (B) NEM resistance of RssB wild- 
type and mutants. The ability of AcP and 
RpoS to protect RssB from NEM inactivation 
was determined as described in the Materials 
and Methods. Wild-type or mutant RssB was 
incubated in the presence or absence of AcP 
and/or RpoS prior to reaction with NEM. 
NEM was subsequently quenched with DTT, 
and RssB activity was assessed by measuring 
[ 3 H]RpoS degradation by ClpXP. The positive 
control was RpoS degradation activity when 
NEM and DTT were added together (shown 
in lane 5 for each set). Data are means ± SEM 
[n > 3). (C) Interaction between RssB mutants 
and RpoS. CBP-RssB wild-type and mutant 
proteins were expressed in BA183 [clpX: :kan) 
and purified on calmodulin beads as described 
for Figure ID. Pull-down samples were ana- 
lyzed by Western blot using anti-CBP and 
anti-RpoS antisera. 



RssB(WT) L218V 



A255V 



the phosphorylated RpoS-bound state of P109S is less 
stable than that of the wild-type protein. Alternatively, 
phosphorylation, while necessary for NEM resistance, 
may not be sufficient. 

Mutants in the linker (W143R) or C-terminal domain 
were NEM-resistant in the presence of RpoS and AcP, and 
none were NEM-resistant in the absence of AcP (Fig. 4B, 
lane 3 in each group), consistent with a requirement for 
phosphorylation for NEM resistance. However, two of 
the C-terminal domain mutants, L218V and A255V, had 
modest but reproducible levels of NEM resistance after 
treatment with AcP in the absence of RpoS (21% of full 
protection for L218V and 11.2% of full protection for 
A255V vs. 5.6% for wild-type protein) (Fig. 4B). In ad- 
dition, while wild- type RssB was 55% protected from 
NEM inactivation by RpoS and AcP, L218V and A255V 
were almost fully protected from NEM (96% for L218V; 
78% for A255V). Thus, these mutants are in the activated 
form based on two different criteria: ability to degrade 
RpoS in the absence of AcP (Fig. 3B) and resistance to 
NEM in the absence of RpoS (Fig. 4B). 

Several of the RssB mutants were also tested for in- 
teraction with RpoS by a pull-down assay, carried out in 
a clpX mutant strain so that RpoS is stable (Fig. 4C). In 



this assay, wild-type RssB interacted well with RpoS (Fig. 
4C, lane 2). As suggested by previous work (Klauck et al. 
2001), D58P significantly decreased the interaction with 
RpoS (Fig. 4C, lane 3). Consistent with the NEM results, 
P109S also showed decreased RpoS binding (Fig. 4C, lane 
4). L218V bound RpoS similarly to wild-type RssB (Fig. 
4C, cf. lanes 2 and 5). 

haP -resistant mutants in the N-terminal domain have 
lost the ability to interact with IraP 

The in vitro analysis of the RssB mutants confirmed that 
resistance to the anti-adaptors can be replicated in 
a simple in vitro system but did not directly address 
why the mutants are resistant to one or more of the anti- 
adaptors. One possibility was that the mutants in RssB 
block anti-adaptor binding. As shown above, wild-type 
RssB interacts with each of the anti-adaptors in a bacterial 
two-hybrid assay (Fig. IB) and in a pull-down assay (Fig. 
1C). The RssB mutants were tested in these assays to see 
whether they retained their interaction with the anti- 
adaptors (Fig. 5). 

RssB P109S is IraP-resistant but is sensitive to IraD and 
IraM for RpoS degradation in vivo and in vitro (Figs. 2, 3; 
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Figure 5. Interaction between the RssB 
mutants and anti-adaptor proteins. In A 
(IraP), C (IraM), £ (IraD), and G, the indicated 
RssB alleles fused to the T18 domain were 
assayed for interaction with the anti-adaptor 
proteins fused to the T25 domain in the 
BTH101 strain, as described in the Materials 
and Methods. The value of the interaction 
between RssB wild-type (WT) and anti-adap- 
tor proteins was set at 100% for each series. 
Mean values [n = 3) obtained for each in- 
teraction in Miller units were (see Supple- 
mental Table SI) as follows: 1370 for T25- 
IraP/T18-RssB, 1222 for T25-IraD/T18-RssB, 
and 1641 for T25-IraM/T18-RssB. Values 
[n = 3) obtained for each interaction in G in 
Miller units were as follows: 3593 for T25- 
IraP/T18-RssB, 4269 for T25-IraD/T18-RssB, 
and 5144 for T25-IraM/T18-RssB. In B (IraP), 
D (IraM), F (IraD), and H, an in vivo pull- 
down assay was used to measure interaction 
between the RssB mutants and the anti- 
adaptor proteins as in Figure 1C. Samples 
were analyzed by Western blot using anti- 
CBP, anti-His, and anti-IraM antisera. 
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Supplemental Table S5). It is also the only anti-adaptor- 
resistant mutant in the response regulator domain and 
has the characteristics we expected of a mutation dis- 
rupting the IraP interaction surface. In both the two- 
hybrid and pull-down assays, there was no detectable 
interaction between P109S and IraP (Fig. 5A,B). However, 
P109S retained the ability to interact with IraM (Fig. 
5C,D) or IraD (Fig. 5E,F), the anti-adaptors to which it is 
sensitive. The isolation of an IraP-resistant mutant in the 
response regulator domain is fully consistent with our 
finding that IraP interacts with the RssB response regu- 
lator domain (Fig. 1). Furthermore, because P109S retains 
both the interaction with IraD and sensitivity to IraD, the 
interaction surfaces for IraP and IraD in the response 
regulator domain cannot completely overlap. 

As noted above, a mutation in the response regulator 
domain that blocks phosphorylation was still sensitive to 
anti-adaptors (Supplemental Fig. S5A), while P109S, close 
to critical residues for phosphorylation, was resistant to 
IraP. We constructed several mutants in and around the 
phosphorylation site (Fig. 2G) and tested them for their 
ability to interact with the anti-adaptors. Unlike P109S, 
mutants that block phosphorylation (for instance, D58P, 



L67A, and K108D) (Fig. 4A ; data not shown) were still 
sensitive to IraP (Supplemental Fig. S5B). None of the 
mutants disrupted the interaction with IraD or IraM (Fig. 
5G,H). However, while some mutants showed normal 
interaction with IraP (in gray in Fig. 2F), several — including 
D58P and L67A, both of which were not detectably 
phosphorylated in vitro (Fig. 4A) — exhibited decreased 
interaction with IraP in the bacterial two-hybrid assay 
(Fig. 5G) but not in a pull-down assay (Fig. 5H). Overall, 
the results suggest that phosphorylation of RssB im- 
proves the ability of IraP to interact but is not essential 
for interaction (as measured in the pull-down assay) or 
inhibition (Supplemental Fig. S5). The bacterial two- 
hybrid assay may be somewhat more sensitive than the 
direct interaction (pull-down) assay to perturbations in 
the interaction of IraP and RssB. 

W143R, in the linker, is resistant to both IraP and IraD 
but sensitive to IraM (Figs. 2, 3; Supplemental Table S5). 
Like P109S, it has lost interaction with IraP (Fig. 5A,B) but 
retains interactions with IraM (Fig. 5C,D). In fact, both 
P109S and W143R appear to be hypersensitive to IraM in 
vivo (Fig. 2D) and in vitro (Fig. 3D). W143R may act to 
change accessibility of the N-terminal domain to IraP and 
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IraD. This change is sufficient to block IraP binding but 
does not block binding of IraD in the in vivo test. The 
conformation of RssB in W143R appears to be particularly 
favorable for IraM action. 

Anti- adaptor-resistant mutants in the C-terminal 
domain of RssB do not disrupt anti-adaptor binding 

The four C-terminal RssB mutants are resistant to all 
three anti-adaptors in vitro (Fig. 3). However, unlike the 
mutations in the response regulator domain and linker, 
three mutants— L214H, A218V, and A25 5 V— retained the 
ability to interact with all of the anti-adaptors (Fig. 5). 
Therefore, these residues are unlikely to define the in- 
teraction surfaces for the anti-adaptors. L218V, which is 
resistant to IraP, illustrates this point; the mutation is 
within the C-terminal effector domain, whereas IraP 
interacts with the N-terminal domain (Fig. 1). 

How can these mutations be resistant to anti-adaptors 
but still interact with them? One possibility is that these 
mutants favor the interaction with RpoS. Consistent 
with this model, L218V and A255V behave as if they are 
constitutively activated for RpoS degradation,- that is, 
they are able to degrade RpoS even in the absence of AcP 
(Fig. 3B). This result suggests that these mutations cause 
a shift in RssB conformation to the activated form, akin 
to what is brought about by phosphorylation. This active 
conformation of RssB is able to interact with RpoS 
(Fig.4D). 

A216T, which otherwise acts similarly to L218V and 
A255V, has lost the ability to interact with IraP; the basis 
for this phenotype is not yet clear. One possibility is that 
this mutational change has two independent effects: first, 
activation of RssB (like L218V), and second, interference 
with IraP binding. 

Wild-type RssB and anti-adaptor-resistant RssB 
mutants form oligomers 

Many response regulators oligomerize, and there is fre- 
quently a transition in the oligomeric state that correlates 
with activation of the response regulator by phosphory- 
lation (see Gao and Stock 2009, 2010). We queried the 
ability of RssB to oligomerize using the bacterial two- 
hybrid assay (Supplemental Fig. S6). All six of our anti- 
adaptor-resistant mutants retained the ability to oligo- 
merize in this assay. However, with this assay, the size 
and nature of the oligomer cannot be determined. In 
addition, these interactions were only detectable in dp 
mutants (Supplemental Fig. S6 ; see the Supplemental 
Material for further discussion). RssB mutants with 
amino acid substitutions at or around the site of phos- 
phorylation were generally defective for oligomerization 
(Supplemental Fig. S6B), and this correlated with their 
decreased ability to interact with IraP in the bacterial 
two -hybrid assay (Fig. 5 A). It is likely that, like D58P and 
L67A (Fig. 4 A), all of these oligomerization-defective 
mutants are also defective for phosphorylation. The 
correlation between lack of phosphorylation and inability 
to oligomerize is difficult to interpret, given the limits of 



the bacterial two-hybrid assay. Therefore, the role of 
oligomers has not been further explored here or incorpo- 
rated in our model for RssB function, although it is clear 
that intermolecular RssB interactions are likely to play 
a role in regulating activity. 

Anti-adaptors respond differently to changes 
at the RssB phosphorylation site 

The reduced interaction of IraP with RssB mutants near 
the phosphorylation site (Fig. 5G) could mean that IraP 
favors an activated form of RssB. This was also suggested 
by the behavior of P109S, a mutant that loses all in- 
teraction with IraP (Fig. 5A,B) and is also defective for 
interaction with RpoS (Fig. 4B,C). IraM and IraD, on the 
other hand, interacted well with mutants that disrupt 
phosphorylation (Fig. 5G). In addition, the P109S mutant 
was hypersensitive to IraM and IraD (Figs. 2D, 3). One 
interpretation of these results is that IraM and IraD 
interact with and stabilize an inactive form of RssB that 
is unable to bind RpoS. 

In order to examine this further, we made use of two 
mutations in the conserved site of phosphorylation: D58P 
and D58E. Changes of this aspartate to glutamate have 
been described as phosphorylation mimics in many re- 
sponse regulators (Klose et al. 1993; Domian et al. 1997; 
Lan and Igo 1998). In our assays, D58E had -50% of the 
activity of wild-type RssB in the presence of AcP and very 
little response to AcP (data not shown). Thus, while all of 
our evidence suggests that equilibria between active and 
inactive forms exist for all of our mutants, D58P should 
be more "inactive" than wild- type RssB, while D58E 
should be more "active." The sensitivity of these mutants 
to the anti-adaptors was determined and compared with 
wild- type RssB (Supplemental Fig. S7). While the sensi- 
tivity of these three forms of RssB to IraP was essentially 
identical, D58P was significantly more sensitive to IraD 
and IraM than wild- type RssB, while D58E was signifi- 
cantly more resistant to IraD and modestly more resistant 
to IraM. This supports a model in which IraM and IraD 
prefer the inactive form of RssB. 

Discussion 

E. coli and its relatives use RpoS to mount a global 
response to multiple stresses. Too little or too much 
RpoS is harmful, and complex and overlapping regulatory 
schemes control RpoS levels (for review, see Battesti et al. 
2011). The findings here increase our understanding of 
how the proteolytic branch of these regulatory pathways 
works. The unusual response regulator RssB allows the 
system to receive inputs from multiple anti-adaptors, 
regulating RpoS degradation. As the cells encounter a 
stress or enter stationary phase, induction of the anti- 
adaptors provides a mechanism for rapidly stabilizing 
RpoS; other signaling pathways, via sRNAs, lead to 
increased translation of RpoS. The low level of RssB 
ensures the ability of the anti-adaptors to fully titrate 
RssB. Because the anti-adaptors are not themselves sub- 
ject to degradation, they will continue to act until no 
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longer needed. When the stress passes, the system resets 
itself in a process that has not yet been fully studied. 

Our studies of RssB alleles resistant to an anti-adaptor 
have provided insight into both how the anti-adaptors 
act and how RssB functions. A summary of the assays 
performed with each of the mutants is provided in Table 1 
(see Supplemental Table S5 for a more detailed summary). 
Based on the results of these and previous studies, we 
propose the model for RssB function and its inhibition by 
anti-adaptors shown in Figure 6 and discussed below. While 
each of the six mutants studied here behaves in a distinct 
manner, we propose that they fall into two major classes 
and show how they likely affect RssB in Figure 6. In our 
model, IraD and IraM interact with inactive RssB, blocking 
its ability to interact with RpoS and deliver RpoS to the 
protease. IraP, on the other hand, may mimic RpoS in its 
interaction with RssB, preferring the active form of RssB 
and directly competing with RpoS for binding to the 
N-terminal domain. Phosphorylation and RpoS binding 
both help to stabilize the activated form of RssB. Class I 
mutants, in the response regulator domain, specifically 
interfere with the ability of IraP to interact with RssB. 
Class II mutants lie in the C-terminal PP2C-like domain of 
RssB and activate the protein, bypassing the need for AcP. 

Mutants in the response regulator domain of RssB 
define a region important for IraP interaction: 
class I RssB mutants 

A variety of evidence supports the interaction of IraP 
primarily with the response regulator domain. Bacterial 
two-hybrid interactions and pull-down experiments dem- 
onstrate interactions with the response regulator domain 
and not with the C-terminal domain (Fig. 1). P109S, 
within the response regulator domain, is specifically 
resistant to IraP, while it becomes hypersensitive to 
IraM and IraD (Figs. 2, 3; Supplemental Table S5) and 
loses interactions with IraP (Fig. 5). Mutants such as 
P109S that specifically block IraP binding are defined as 
class I (Fig. 6). 



In the crystal structure of the N-terminal domain of 
RssB (Fig. 2G), PI 09 lies on the surface, not far from the 
position of D58, the site of phosphorylation (Bouche et al. 
1998). K108, P109, and VI 10 form a conserved motif 
found in all response regulators,- K108 is necessary for 
activation, while PI 09 affects the orientation of the (35/a5 
face of the response regulator (Volz 1995; Bourret 2010), 
a region implicated in protein-protein interactions for 
both dimerization and ligand binding (Gao and Stock 
2010). We suggest that IraP interacts with this face of 
RssB, interfering with its interactions with its ligand, 
RpoS (Fig. 6); the mutant disrupts this interaction. P109S, 
although selected to retain its ability to function in RpoS 
degradation, shows decreased interaction with RpoS (Fig. 
4C) and loss of RpoS-dependent formation of an NEM- 
resistant complex (Fig. 4B). Degradation of RpoS by P109S 
is only slightly defective, compared with wild-type RssB 
(Fig. 3A), suggesting that the defect in interaction of 
P 1 09 S and RpoS can be suppressed by formation of a larger 
complex with ClpXP. PI 09 may not contact IraP directly ; 
if the binding sites for IraP and RpoS on RssB overlap, 
a mutant preventing IraP binding might have failed our 
screen, since it would be defective for RpoS binding and 
degradation. 

The role of RssB phosphorylation 

Unlike many other response regulators, RssB retains 
significant activity in the absence of phosphorylation, 
suggesting that while phosphorylation may increase the 
amount of the protein in an active conformation, this 
switch from inactive to active is not absolutely depen- 
dent on phosphorylation (see active forms of RssB in Fig. 
6). Our data clearly demonstrate that the status of 
phosphorylation, per se, is not necessary for any of the 
anti-adaptors to act. Anti-adaptors can inhibit the wild- 
type RssB in the absence of phosphorylation by AcP 
(Supplemental Fig. S4) and can also inhibit the RssB 
mutant at the site of phosphorylation (Supplemental 
Fig- S5). ' 



Table 1. Summary of RssB mutant phenotypes 



RssB 


Wild type 


P109S 


W143R 


L214H 


A216T 


L218V 


A255V 


Activity 


+++ 


++ 


+++ 


+++ 


++++ 


++++ 


++++ 


AcP-dependent? 


Yes 


Yes 


Yes 


Yes 


No 


No 


No 


Phosphorylated? 


Yes 


Low 


Yes 


Yes 


Yes 


Yes 


Yes 


NEM-resistant? 


Yes 


No 


Yes 


Yes 


Yes 


Yes 


Yes 


IraP 
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Binding 
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Binding 
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Activity 
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R 


R 


R 


Binding 


Yes 
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Yes 


Yes 
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Yes 


Yes 



(R) Resistant; (S) sensitive. Results are compiled from Figures 1-5. A more detailed summary, with quantitations, is in Supplemental 
Table S5. 

a A255V is resistant to IraP and IraD in vitro but is not significantly resistant in vivo. 
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Figure 6. Model for RssB function based on anti-adaptor-resistant mutants. In the figure, RssB is represented in multiple 
conformations. (1) "Inactive" form: This form is shown as an inactive monomer. We suggest that the N terminus and C terminus 
of RssB interact in this conformation. (2) "Active" forms: These forms are stabilized by phosphorylation and/or RpoS binding. In this 
model, we suggest the existence of an active and reversible state that may be promoted by RpoS binding and/or RssB phosphorylation. 
This is shown here as a monomer but could be a dimer as well. Mutations that cannot be phosphorylated have a lower level of activated 
RssB but are still able to present RpoS to the protease. The stable and active form of RssB, phosphorylated and bound to RpoS, is formed 
under optimal conditions. Based on the interactions defined here, both IraD and IraM can interact with the inactive form of RssB, 
stabilizing an inactive conformation that is unable to interact with RpoS (shown at the left). They are also able to interact with the 
active form (activated class II RssB mutants), but that interaction does not result in inhibition of RssB activity. These two anti-adaptors 
act by different mechanisms,- IraD interacts with the N-terminal domain, and IraM interacts primarily with the C-terminal domain. 
IraP interacts with both active forms of RssB but favors the phosphorylated form. Mutants from class I block the IraP interaction. 
Mutants from class II bypass or partially bypass the need for phosphorylation, increasing the population of "active" RssB and improving 
the ability of RssB to interact with RpoS. 



Although phosphorylation is associated with increased 
activity of RssB and is not required for IraP to act, our data 
suggest that IraP interacts preferentially with the "acti- 
vated" form of RssB (Fig. 6). This is based primarily on the 
decreased interaction of mutations that block phosphor- 
ylation— D58P and L67A— with IraP (Fig. 5G). It is not 
clear how strong this preference is, since IraP inhibits 
wild-type RssB, D58P, and D58E similarly (Supplemental 
Fig. S7). Our model is consistent with phosphorylation 
favoring changes in the ligand-binding face to promote 
ligand binding (RpoS or IraP). 

While not directly addressed here, we suggest that 
RpoS is likely to stimulate phosphorylation of the re- 
sponse regulator RssB. Ligand stimulation of phosphory- 
lation has been seen for other response regulators (Ames 
et al. 1999; Schuster et al. 2001; Boulanger et al. 2013). It 
has previously been shown (and confirmed here) that 
phosphorylation of RssB stimulates RpoS degradation by 
ClpXP (Zhou et al. 2001). This positive regulatory loop 
should lead to rapid removal of RpoS if any source of 
phosphorylation is available. This may be particularly 
important in reducing RpoS levels as the bacteria recover 
from stress or stationary phase and resume rapid growth. 

Mutants in the C-terminal effector domain of RssB 
activate RssB without phosphorylation: class II RssB 
mutants 

In many response regulators, the response regulator do- 
main and effector domain interact in the absence of 
phosphorylation, inhibiting activity of the C-terminal 
effector domain; phosphorylation releases this inhibition 
(Gao and Stock 2010). We suggest that this is the case 
for inactive RssB (Fig. 6), although we do not yet have 
evidence for the direct interaction of the N-terminal and 



C-terminal domains. Activation is predicted to free the 
domains to bind their new partners: RpoS and ClpX. IraP, 
with its preference for the phosphorylated form of RssB, 
may block RpoS degradation by competing with RpoS for 
binding to the freed RssB response regulator domain 
(Fig. 6). IraM, with contacts in both the N terminus and 
C terminus (Fig. 1), may help keep the N-terminal and 
C-terminal domains in the inactive conformation, possibly 
even bridging N-terminal and C-terminal domains (Fig. 6). 
IraD may have a similar ability to stabilize the inactive 
conformation by interactions with the N terminus (Fig. 6). 
Both IraD and IraM preferentially inhibit RssB in the 
"inactive" D58P form compared with the wild type or 
the active D58E form (Supplemental Fig. S7), consistent 
with these anti-adaptors preferring the inactive form of 
RssB. IraD may also act in a qualitatively different manner 
from IraP and IraM, given the significantly lower levels of 
IraD needed to inhibit RpoS degradation in vitro (Supple- 
mental Figs. S4, S7). In every case, the anti-adaptors 
interfere with the ability of RpoS to interact with RssB 
(Fig. ID). How, then, do our C-terminal mutants escape 
each of these different anti- adaptors? We focus here on the 
two most C-terminal mutants: L218V and A255V. Both 
were selected as IraM-resistant (Supplemental Table S3) 
and are also resistant to IraP and IraD in vitro,- L218V is 
resistant to IraP and IraD in vivo as well (Table 1; Figs. 2, 3; 
Supplemental Fig. S3). These mutant RssB proteins act as 
if they are constitutively activated, causing a global change 
that mimics the change brought about by phosphorylation. 
Most strikingly, they are independent of AcP for degrada- 
tion of RpoS. In addition, they are partially resistant to 
NEM in the absence of RpoS, suggesting that activation is 
not simply tighter binding to RpoS (Fig. 4B). Activation 
allows them to be resistant to multiple anti-adaptors while 
retaining interactions with those anti-adaptors, possibly 
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by improving binding to RpoS. These mutants thus also 
provide a window into why RpoS degradation is as 
complex as it is. If RssB were poised in an "activated" 
form in vivo, it might behave more like our class II 
mutants, resistant to anti-adaptors. 

The remaining two mutants, L214H and A216T, have 
some but not all of the properties of L218V and may 
represent weaker alleles that affect similar steps, possibly 
requiring the interaction of RpoS to drive them into the 
fully active conformation. In addition to the mutant 
proteins studied in depth here, additional anti-adaptor- 
resistant mutants were identified in this C-terminal 
region, close to positions 214, 216, and 218 (Supplemental 
Table S4). A221T had properties similar to L214H. 
L222W, isolated as IraM-resistant, had properties much 
like those of L218V (IraP and IraM resistance, with partial 
resistance to IraD) (Supplemental Fig. S3A,D,E). A215G 
(Supplemental Table S4) was isolated as IraP-resistant 
in the context of Q254K and a third mutation (Supple- 
mental Fig. S2A; Supplemental Table S2); both A215G 
and Q254K were IraD-resistant on plates (Supplemental 
Fig. S2D), and the double A215G Q254K mutation was 
also partially resistant to IraM (Supplemental Table S4). 
The properties of these single and double mutants, as 
assessed in vivo by the plate assay, support the similarity 
of these C-terminal mutants to the class II mutants. 

A conserved signaling helix in PP2C domains 
and the RssB effector domain 

The RssB C terminus is predicted to encode an inactive 
PP2C phosphatase,- a well-conserved patch of amino acids 
from 214 to 222 encodes a helix in these proteins (Galperin 
2006). Activating mutations were also found in this helix 
in a distantly related bacterial PP2C signaling protein, 
RsbP (Brody et al. 2009). RsbP is a phosphatase involved in 
the general stress response in Bacillus subtilis. Activation 
of the phosphatase activity occurs upon energy stress and 
is dependent on both its own N-terminal domains and 
a hydrolase, encoded by rsbQ. Brody et al. (2009) selected 
rsbP suppressors of a deletion of the gene for the activating 
hydrolase. The majority of these suppressors fell into two 
helices: a0 and al (Brody et al. 2009). Our cluster of 
mutations falls in the middle of al and, like the mutations 
in RsbP, appears to bypass the need for activation to 
varying degrees. The a0 and al mutations were suggested 
to define sites of allostery, receiving signals to control 
phosphatase activity (Brody et al. 2009). In our case, the 
"output" of RssB is reversed — not phosphatase activity, 
but loss of inhibition of the N-terminal domain and ability 
to interact with ClpX to deliver RpoS to the protease. 
Supplemental Figure S8 shows the alignments of RsbP and 
RssB and the position of constitutive mutants in both 
(Supplemental Fig. S8A) as well as parallels between these 
signaling cascades (Supplemental Fig. S8B). 

Summary 

The large set of anti-adaptor-resistant RssB mutants that 
we isolated has allowed us to explore the mechanism of 
action of the RssB adaptor protein and its inhibition by 



anti-adaptors. IraP interacts with the conserved response 
regulator domain, probably directly competing with RpoS 
for access to RssB (Fig. 6). The interaction of IraP with this 
well-conserved response regulator domain suggests that 
other response regulators might be inhibited in a similar 
fashion by related proteins. However, these interactions 
would have to show specificity for the right response 
regulator. A search for proteins related to IraP has not 
uncovered such a family, but a better understanding of 
the interaction surface on IraP may allow a more in- 
formed search. 

IraD also interacts with the response regulator domain 
but in a mode that is distinct from the interaction of IraP. 
IraM has a third and distinct mode of interaction, primar- 
ily with the C-terminal domain,- contacts have not yet 
been defined by any of our mutations. 

For most response regulators, the major input for reg- 
ulatory signaling is via phosphorylation of the conserved 
aspartate (for review, see Gao and Stock 2009). This is 
clearly not true for RssB. Phosphorylation, while stimula- 
tory, is not essential for RssB to function or for the response 
to environmental signals (Fig. 3A ; Peterson et al. 2004). 
Therefore, other inputs are needed to regulate outcome, and 
the small protein anti-adaptors provide at least some of 
these additional inputs, blocking RpoS degradation by 
interactions with both the active (IraP) and inactive (IraD 
and IraM) forms of RssB (Fig. 6). There is every reason to 
believe that similar small proteins will interact with and 
modulate the activity of other complex response regulators. 

Materials and methods 

Media and growth conditions 

Cells were grown in LB (Lennox broth). Plasmids were main- 
tained with 100 |xg/mL ampicillin, 50 |xg/mL kanamycin, or 
30 |xg/mL chloramphenicol. Liquid cultures were grown under 
aerobic conditions at 37°C for RpoS stability and pull-down 
experiments and at 32°C for the (3-galactosidase assays unless 
stated otherwise. Lactose MacConkey agar plates were used in 
analyses of strains carrying rpoS-lacZ fusions. 

Strains and plasmids 

Strains are listed in Supplemental Table S6, plasmids are listed in 
Supplemental Table S7, and oligonucleotides are listed in Sup- 
plemental Table S8. All strains are derivatives of E. coli K12. 
Bacterial two-hybrid experiments were carried out in BTH101 
(Karimova et al. 1998) or derivatives constructed by PI trans- 
duction. The native promoters of iraP, iraM, and iraD were 
replaced with synthetic constitutive promoters (Cpl8 for iraP, 
Cpl3 or Cpl8 for iraM, and Cp26 for iraD) (Jensen and Hammer 
1998) tagged with a zeocin resistance marker for selection using 
the bacteriophage X red recombination system as described in 
the Supplemental Material. 

To construct pET-IraM, an E. coli codon-optimized iraM gene 
fragment was synthesized (IDT) (Supplemental Table S8) and 
inserted into pET151/D-TOPO (Invitrogen) using directional 
topoisomerase cloning as recommended by the manufacturer. 

Library screening 

Random mutagenesis of RssB was performed at a low mutation 
rate (two to nine mutations per kilobase) using the GeneMorph II 
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EZClone domain mutagenesis kit (Stratagene) according to the 
manufacturer's specifications. Details are described in the Sup- 
plemental Material. The results of the screen are summarized in 
Supplemental Tables S2 and S3; mutant plasmids were found at 
a rate of 0.2%. Each mutant was reconstructed as the multiple 
and each single mutation using the QuickChange II site-directed 
mutagenesis kit (Stratagene). Behavior of the original and recon- 
structed mutants are summarized in Supplemental Table S4 and 
discussed further in the Supplemental Material. 

Assay for RpoS degradation in vivo 

Cells were grown overnight in LB medium, diluted into fresh LB 
medium at an OD 600 « 0.01, and grown to mid-logarithmic phase 
(OD 600 - 0.3) at 37°C. Chloramphenicol was added (200 |xg/mL). 
Samples (1 mL| were harvested at the indicated time points and 
precipitated with a final concentration of 5% ice-cold trichloro- 
acetic acid (TCA). Precipitated pellets were washed with 500 julL of 
80% cold acetone, dried, and resuspended in a volume of SDS 
sample buffer normalized to the OD 600 . 

In vivo pull-down experiments 

pACYC184-CBP plasmids encoding RssB or RssB domains were 
cotransformed with pQE80L plasmids encoding the anti-adaptors, 
grown with antibiotic selection, and induced for 1 h. Cells were 
collected, lysed, incubated with calmodulin beads, and washed, 
and samples associated with the beads were analyzed by Western 
blotting following protein electrophoresis (for detailed methods, 
see the Supplemental Material). 

Protein electrophoresis and Western blotting 

Samples were analyzed using Nu-PAGE 12% Bis-Tris gels 
(Invitrogen), transferred to nitrocellulose membrane, and probed 
with a 1:5000 dilution of anti-RpoS anti-serum, a 1:1000 dilution 
of anti-CBP anti-serum (Millipore), a 1:1000 dilution of anti-His 
antiserum (Santa Cruz Biotechnology), or a 1 :2000 dilution of anti- 
IraM antiserum. The blots were developed with the Lumi-Phos 
WB chemiluminescent substrate (Thermo Scientific) using the 
Luminescent Image Analyzer LAS-4000 Mini (Fujifilm). Quanti- 
fication was performed by using Multi-Gauge software (Fujifilm). 
Values presented are the mean of at least three independent 
assays. 

Bacterial two-hybrid assays 

We used the adenylate cyclase-based bacterial two-hybrid sys- 
tem (Karimova et al. 1998). Plasmids containing the pair of 
proteins to be tested fused to the T18 and T25 domains of the 
adenylate cyclase from B. pertussis were cotransformed in 
BTH101 or derivatives, plated on plates containing 100 |xg/mL 
ampicillin and 50 |xg/mL kanamycin, and incubated for 48 h 
at 30°C. Cells were grown overnight in 3 mL of LB medium 
supplemented with 100 |xg/mL ampicillin, 50 |xg/mL kanamycin, 
and 0.5 mM IPTG at 32°C. (3-Galactosidase activity was de- 
termined using the standard assay described by Miller (1992). 
Values presented are the mean of at least three independent 
assays. 

Protein purification 

RssB wild-type or mutant protein was purified after expression 
from a T7 promoter as described in the Supplemental Materials. 
IraP-His 6 and IraD-His 6 were overexpressed and purified as 



described (Bougdour et al. 2006, 2008) with slight modifications 
(see the Supplemental Material). His 6 -IraM was overexpressed 
and purified from pET-IraM as described in the Supplemental 
Material. 

RpoS in vitro degradation 

In vitro RpoS degradation was performed essentially as described 
(Zhou et al. 2001 ). Reaction mixtures were assembled in 30 julL of 
buffer B (20 mM Tris-HCl at pH 7.5, 10 mM MgCl 2 , 100 mM KCl, 
5 mM DTT, 0.1 mM EDTA, 5% glycerol [v/v]) containing 5 mM 
ATP, 25 mM AcP, 0.1 |xM ClpX, 0.2 ^M ClpP, 1.8 ^M [3H]RpoS, 
and 0.4 |jlM RssB unless otherwise indicated. IraP (1 |xM), IraM 
(1 (jlM), or IraD (0.18 |xM) was added as indicated. The mixtures 
were incubated for 20 min at 23°C. TCA was added to 15% (w/v), 
and [ 3 H]RpoS degradation was quantitated by measuring acid- 
soluble radioactivity. 

NEM sensitivity 

Reaction mixtures containing 1.2 |xM RssB wild type or mutant 
were assembled in 10 julL of buffer B in the presence and absence 
of 25 mM AcP and/or 5.4 |xM RpoS as indicated and incubated for 
5 min at 23°C. NEM was added to 10 mM, incubated 10 min at 
23°C, and then neutralized for 10 min at 23°C by the addition of 
20 mM DTT. RssB NEM sensitivity was assessed by measuring 
RpoS degradation by ClpXP as described above. 

Mobility shift detection of phosphorylated RssB on Phos-tag 
SDS-PAGE gel 

Purified wild- type or mutant RssB was incubated in the presence 
or absence of 20 mM AcP for 30 min at room temperature, SDS 
sample buffer was added, and samples were separated and 
visualized on polyacrylamide gels containing Phos-tag as pre- 
viously described (described in the Supplemental Material; 
Barbieri and Stock 2008; Kinoshita and Kinoshita-Kikuta 2011). 
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